Estrogen interacts with N-methyl-D-aspartate (NMDA) receptors to regulate multiple aspects of morphological and functional plasticity. In the hippocampus, estrogens increase both dendritic spine density and synapse number, and NMDA antagonists block these effects. This plasticity in the hippocampus mediated by estrogen may be of particular importance in the context of aging when estrogen levels change and cognitive function is often impaired. Therefore, the present study was designed to investigate effects of aging and reproductive status on NMDA receptor (NR) subunit mRNA levels in the hippocampus. NR1, NR2A, and NR2B mRNA levels were measured by RNase protection assay in young (3-4 month), middle-aged (12-13 month), and aged (24 -25 month) Sprague-Dawley rats in different phases of the estrous cycle in cycling animals and in acyclic subjects. Our results demonstrated that NMDA receptor subunit mRNA levels were much more prominently affected by the chronological age than by the reproductive status of the animals. Agerelated changes were observed in NR1, NR2A, and NR2B in the ventral hippocampus and in NR1 and NR2B in the dorsal hippocampus. However, the only relationship with reproductive status was seen for NR1 mRNA, and this was restricted to the ventral hippocampus. An interaction between chronological age and reproductive status was found, with higher levels of NR1 mRNA seen in young animals in proestrus than in those in diestrus I (high and low estrogen levels, respectively). However, this relationship was not seen in the aged subjects. These results demonstrate that the hippocampus is subjected to age-related alterations in NMDA receptor subunit mRNA levels and that animals of different ages are influenced differently by reproductive status. This shift in the NMDA receptor mRNA levels may be a possible molecular mechanism contributing to alterations in cognitive behavior during normal aging.
INTRODUCTION
The role of estrogen in controlling the reproductive axis at the level of the hypothalamus has been studied for many years. Recent evidence has indicated that estrogen can influence numerous nonreproductive brain regions such as those influencing cognitive processing in animals including humans. The expression of the estrogen receptor ␣ and ␤ subtypes in hypothalamus and other brain regions including hippocampus provides an anatomical substrate for effects of estrogen in the brain (21, 30, 31, 33, 38 -40, 51) . With respect to its nonreproductive functions, in humans, estrogen has been demonstrated to improve verbal memory and the capacity for learning new associations in both naturally and surgically menopausal women (36) . In rats, although findings are somewhat controversial, some studies have shown that in some cases estrogen improves learning but in others does not affect memory (4, 29, 41, 49, 53) .
The cellular mechanisms by which estrogens affect neurons in the hippocampus are beginning to be elucidated. Studies have demonstrated fluctuations in dendritic spine density during the estrous cycle of the rat, with decreases in dendritic spine density on CA1 neurons on days when levels of estrogen are low compared to days when estrogen levels are higher (54, 58) . In vivo studies have shown that estrogen can increase the number of synaptic boutons and dendritic spine density following ovariectomy in the CA1 region of the hippocampus (15, 54, 55, 57) . In vitro studies have also demonstrated that estrogen causes an increase in dendritic spines on hippocampal neurons (27) . Taken together, these in vivo and in vitro studies demonstrate the effects of estrogen in synaptic remodeling.
Current neurobiological evidence suggests that one mechanism by which estrogen induces these morphological changes is through N-methyl-D-aspartate (NMDA)-type glutamate receptors. Estradiol increases NMDA agonist binding and the immunofluorescence intensity of the obligatory NMDA receptor subunit, NR1, in the CA1 region of the hippocampus (8, 11, 50) . Moreover, the estrogen-induced increases in dendritic spine density can be blocked by NMDA receptor antagonists (27, 56) . NMDA receptor-dependent long-term potentiation (LTP) is enhanced in proestrus, i.e., when estrogen levels are high (12, 48) , and estrogen increases both the slope and the amplitude of the NMDA receptor-mediated LTP (9) and reduces the threshold for LTP induction (7) . Estrogen can also increase Ca 2ϩ influx through NMDA receptors (32) .
The evidence that estrogen influences NMDA receptor abundance and function and that NMDA receptors are thought to mediate cellular plasticity in learning and memory suggest a mechanism by which steroid hormones may mediate effects on cognitive function, e.g., via NMDA receptors. These observations may be of particular importance in the context of aging when estrogen levels change and cognitive processing declines. Therefore, the present study was undertaken to determine the relationship between aging and changes in ovarian function on NMDA receptor subunit gene expression in the hippocampus.
MATERIALS AND METHODS

Animals
Twenty-three young (3-4 month), 47 middle-aged (12-13 month), and 13 aged (24 -25 month) female Sprague-Dawley rats were purchased from Harlan Sprague-Dawley (Indianapolis, IN). All young and middle-aged rats were virgins; some aged rats were virgins and others were retired breeders. Animals were housed in a temperature-controlled room with a 12-h light/12-h dark photoperiod (lights on at 0700 h). Food and water were available ad libitum. Ovarian cyclicity was determined by examination of daily vaginal smears from intact rats at approximately the same time each morning. The vaginal smears were classified into proestrus (nucleated cells-high estrogen), estrus (cornified cells-low estrogen), and diestrus I and II (leukocytic cells-low estrogen) (47) . Young and middle-aged cycling rats exhibited at least three consecutive 4 -day estrous cycles prior to use. Middle-aged and aged persistent estrous and persistent diestrous rats exhibited at least 3 weeks of cornified or leukocytic vaginal smears, respectively, before use.
RNA Extraction and RNase Protection Assay
Animals were decapitated rapidly at 1000 or 1500 h, trunk blood was collected, allowed to clot, and centrifuged, and serum was stored at Ϫ20°C to assay later for circulating estrogen levels. The brain was removed rapidly and chilled for 2-3 min, and two coronal cuts were made with a stainless steel brain slicer (Model RBM-4000C; Activational Systems, Warren, MI). The rostral aspect of the first cut was made by the placing of a razor at the posterior end of the optic chiasm, and the caudal cut was made by the placing of a razor 3 mm caudally. The hippocampus was carefully dissected out of this coronal section by use of two fine forceps. This dissection included mainly dorsal and rostral regions of the hippocampus, henceforward termed the dorsal hippocampus. To isolate the ventral and caudal regions of the hippocampus, henceforward termed the ventral hippocampus, a third razor was placed 2 mm caudal to the second razor, and the hippocampus was carefully dissected from the coronal section as above. Tissues were snap-frozen on dry ice and stored at Ϫ80°C. RNA was extracted with a double-detergent cushion/lysis buffer system as described previously (13, 17) . Briefly, the hippocampal tissues were homogenized in lysis buffer, layered over cushion buffer, and centrifuged at 800g. The upper (cytosolic) phase was treated with proteinase K, extracted with phenol:chloroform and chloroform, and precipitated with isopropanol. Then, RNA was pelleted by centrifugation and dried, and the pellet was resuspended in dep-H 2 O. An aliquot was used for the determination of RNA content; 5 g of RNA was resuspended in hybridization buffer (4 M guanidine isothiocyanate, 0.1 M EDTA) and used for assay of the NMDA receptor subunit mRNAs.
RNA samples and sense RNA (for standard curves with increasing known amounts of NR1 (0 -100 pg), NR2A (0 -40 pg), NR2B (0 -40 pg), and cyclophilin (0 -100 pg) reference RNAs) were incubated overnight at 30°C with 5 l of probe. All tubes were treated with RNase A/T1 for 1 h and then with proteinase K for 15 min. Samples were phenol/chloroform extracted and precipitated and then pelleted and resuspended in 1.5ϫ Ficoll loading buffer. The samples were electrophoresed through 4 -6% nondenaturing polyacrylamide gels that were dried and subsequently exposed to a Phosphor imaging screen for quantification. The amount of radioactivity in each sample, as determined by the Phosphor imager, was compared to the amount of reference RNA, as calculated by regression analysis, and used to calculate the amount of RNA in each sample (13, 17) .
The following probes were used: for NR1 mRNA, a cDNA clone complementary to 284 bp of the N terminus, spanning the BamHI and HindIII restriction sites, and subcloned into Bluescript KS (ϩ) vector (kindly provided by Dr. Stuart Sealfon, Mt. Sinai Medical Center; (14)). To measure NR2A and NR2B, the 566-bp NR2A clone, corresponding to bases 1585-2154 of the rat NR2A cDNA, and the 569-bp NR2B clone, corresponding to bases 1423-1992 of the rat NR2B cDNA, were subcloned into a Bluescript II KS (ϩ) vector (kindly provided by Drs. S. L. Lipton and N. J. Sucher (26, 43) ). Cyclophilin, an internal control, was measured with a 111-bp cDNA spanning the Pstl and Xmnl restriction sites and subcloned into a Bluescript KS (ϩ) vector (13, 17) . The amount of NR1, NR2A, and NR2B mRNA in hippocampal dissections was normalized to cyclophilin mRNA levels in the same sample to minimize gel-loading variation, as described previously (13, 17) .
Radioimmunoassay (RIA) Analysis of Circulating Estrogen Levels
Estradiol in plasma of three animals per group was measured in duplicate samples in a single RIA with a commercially available ultrasensitive RIA kit (Diagnostic Systems Laboratories, Inc.; DSL-4800) according to instructions. Assay sensitivity was 5 pg/ml and intraassay variation was 3%.
Statistical Analysis
Differences in NMDA receptor subunit mRNA levels were analyzed. Two initial assumptions were tested before statistical analysis was performed. First, normality was examined, and second, homogeneity of variances was tested for the relevant variable by an F test for two groups and by a Bartlett's test for multiple groups. In the cases in which these assumptions were met, potential group differences in both estrogen levels and NMDA receptor subunit mRNA levels were analyzed by a two-factorial analysis of variance (ANOVA) (variables: age, reproductive status); then relevant post hoc comparisons were made with Fisher's protected least significant difference (PLSD) analysis. In the cases in which the assumptions were not met, a Mann-Whitney U nonparametric test for unpaired comparisons between two groups was used. In the cases in which there were multiple group comparisons and the assumptions were not met, a Kruskal-Wallis nonparametric test for multiple group comparisons was performed. In all cases, significance was set at P Ͻ 0.05.
RESULTS
Cycling Status and Estrogen Levels of Aging Rats
All of the young and approximately half of the middle-aged animals had regular 4-day cycles comprising proestrus, estrus, diestrus I, and diestrus II. These animals were utilized in proestrus and diestrus I. The remaining middle-aged animals had irregular cycles or were acyclic; the former were subjected to vaginal smears until they had become acyclic and were used in persistent estrus or persistent diestrus. All of the aged animals were acyclic, with vaginal smears indicating persistent estrus or persistent diestrus phase. The circulating estrogen levels (pg/ml) in the young, middleaged, and aged rats were measured by RIA and are shown in Table 1 . Two significant effects were observed. The first effect was that both the young and the middle-aged animals in proestrus had significantly higher circulating estrogen levels than the young and middle-aged animals in diestrus I as is normally seen during the estrous cycle. The second effect was that the aged animals had levels of circulating estrogen that were significantly higher than those of the young and cycling middle-aged animals (P Ͻ 0.05), but were not significantly different from the middle-aged acyclic rats (P Ͻ 0.16). These results are consistent with other studies demonstrating increases in circulating estradiol levels in ovarian-intact aging rats (22, 34, 42) .
NMDA Receptor Subunit mRNA Levels
Due to the large numbers of variables and comparisons, this section will focus only on differences that were statistically significant. All group data and P values are reported in Tables 2 and 3 due to the large numbers of multiple comparisons.
Hippocampus (Ventral)
NR1 mRNA. Representative autoradiograms of NR1 receptor subunit mRNAs in individual hippocampal dissections are shown in Fig. 1 . NR1 mRNA levels increased significantly in the aged animals compared to the young and middle-aged animals ( Table 2 ; Fig. 2) . In young and middle-aged (cycling) animals, NR1 mRNA levels were significantly lower in diestrus I (low estrogen) than in proestrus (high estrogen) ( Table 2 ; Fig. 2 ). Additionally, in aged animals, NR1 mRNA levels were significantly higher in persistent diestrus than in persistent estrus (Table 2 ; Fig. 2) .
NR2A mRNA. Representative autoradiograms of NR2A receptor subunit mRNAs in individual hippocampal dissections are shown in Fig. 1 . A significant effect of age on NR2A mRNA levels was observed in the ventral hippocampus. Unlike the NR1 mRNA, NR2A mRNA levels significantly decreased from young to middle-aged animals (Table 2; Fig. 2 ). In addition, NR2A mRNA levels significantly decreased from cy- 
Note. Data are expressed as mean Ϯ SEM. * P Ͻ 0.05 vs corresponding proestrus.
cling middle-aged animals to acyclic middle-aged animals (Table 2 ; Fig. 2) .
NR2B mRNA. Representative autoradiograms of NR2B receptor subunit mRNAs in individual hippocampal dissections are shown in Fig. 1 . Analysis of the acyclic animals demonstrated that NR2B mRNA levels significantly increased in aged compared to middle-aged rats (Table 2 ; Fig. 2 ). In addition, NR2B mRNA levels had a pattern with respect to reproductive status similar to that of NR1 mRNA levels in aged animals, in which NR2B mRNA levels were higher during persistent diestrus than during persistent estrus (Table 2 ; Fig. 2 ).
Hippocampus (Dorsal)
NR1 mRNA. In the dorsal hippocampus, NR1 mRNA levels exhibited a small but significant increase from middle-aged to aged animals ( Table 3 ; Fig. 3 ). However, no significant relationships with reproductive status were found in this region (Table 3 ; Fig. 3) .
NR2A mRNA. Statistical analysis demonstrated no significant effect of age on the NR2A mRNA levels in the dorsal hippocampus (Table 3 ; Fig. 3 ). However, there was a trend for an increase in the NR2A mRNA levels between young and middle-aged animals ( Table  3 ; Fig. 3 ). No relationships between NR2A mRNA levels and reproductive status were observed (Table 3 ; Fig. 3 ). NR2B mRNA. NR2B mRNA levels significantly increased from young to middle-aged rats (Table 3 ; Fig.  3 ). No significant relationships with reproductive status were found (Table 3 ; Fig. 3) .
DISCUSSION
Our results demonstrate that the levels of NMDA receptor subunit mRNAs differ on the basis of the region of the hippocampus, age, and reproductive status. For NR1 mRNA levels, significant changes were observed in both hippocampal regions. In the ventral hippocampus there was a significant increase in NR1 mRNA in the aged compared to the young and middleaged animals. A significant increase in NR1 mRNA levels from middle-aged to aged rats was also observed in the dorsal hippocampus, although young animals had higher levels of NR1 mRNA than middle-aged subjects. NR2A mRNA levels also fluctuated with age in a regionally selective manner, with a small decrease in the ventral hippocampus and no change in the dorsal hippocampus. NR2B mRNA levels varied with age in both of the brain regions that were examined. In the dorsal hippocampus, NR2B mRNA levels increased significantly from young to middle-aged rats. In contrast, in the ventral hippocampus NR2B mRNA levels significantly increased from middle-aged to aged acyclic subjects.
It has been reported that declines in NMDA receptor function occur with aging (3, 35) , suggesting that NMDA receptor subunit levels might decline during aging. The results of the present study demonstrate subunit-specific changes in NMDA receptor subunit mRNA levels, suggesting a possible shift in the receptor stoichiometry in hippocampus. However, the general trend was for an increase in NMDA receptor mRNA levels with age, which is not consistent with another study demonstrating declines in NMDA receptor mRNA levels (23) . Although the results of that study and the present data differ, it should be noted that in the other study the declines were confined to one region in the hippocampus, i.e., the dentate gyrus, of aged male rats that were considerably older than the female rats used in the present study. In the present study, mRNA levels were measured in all hippocampal subregions (CA1-3, hilus, and dentate gyrus), and it is possible that, although overall NMDA receptor subunit mRNA levels increased with aging, in the dentate gyrus there could still be an age-related decrease. Moreover, shifts in the relative abundance of these subunit mRNAs may alter the binding properties associated with aging and could even result in decreased ligand binding. Therefore, our observations might help to explain some of the inconsistencies that have been seen in binding studies in aged animals (6, 19, 20, 24, 28, 37, 44, 52) . Studies have shown that recombinantly expressed, heteromeric NR1-NR2 subunit receptors have distinct subunit-dependent biophysical and physiological properties which vary, depending upon their stoichiometry, in the strength of the Mg 2ϩ block, sensitivity to modulation by glycine reducing agents and phosphorylation, desensitization and offset decay kinetics, and affinities for antagonists and agonists (43) .
The finding reported here that NMDA receptor mRNA levels undergo age-related increases whereas reports on NMDA receptor protein levels show decreases (10) or no changes (2) with aging are not irreconcilable. First, differences may exist in posttranslational processing, as has been reported in an estrogen replacement model from our own laboratory (11) . That study demonstrated that, following estrogen treatment in young animals, NR1 mRNA levels did not change but NR1 protein levels increased. Second, mRNA and protein levels may not always change in parallel. Finally, increases in mRNA levels may compensate for decreases in protein levels.
FIG. 2.
NMDA receptor subunit: NR1, NR2A, and NR2B mRNA levels in the ventral hippocampus for young, middle-aged, and aged rats. All values are normalized to cyclophilin (Cyc) mRNA levels and expressed as femtograms of the subunit/picograms of cyclophilin. Young and middle-aged animals that are cycling are classified either in proestrus (P) or in diestrus I (D1). Middle-aged and aged animals that are acyclic are classified either in persistent estrus (PE) or in persistent diestrus (PD).
These subunit-specific shifts in NMDA receptor mRNA levels in the hippocampus may have behavioral repercussions. For example, one study (46) demonstrated that a selective knockout of NR1 in the CA1 region impairs spatial learning in the Morris water maze. More recently, a study (45) reported that transgenic mice that overexpress the NR2B subunit throughout the forebrain perform better on hippocampal-dependent tasks of learning and memory. A study from our own laboratory (2) demonstrated that NR1 levels in the CA3 region of the hippocampus have a significant relationship with performance on the Morris water maze. However, further analyses need to be performed to determine whether these mRNA alterations are reflected in the protein levels of these subunits in the hippocampus of behaviorally and hormonally characterized rats.
The results of the present study demonstrate that the effects of age on NMDA receptor mRNA levels were more prominent than those of the reproductive status of the animal, although this latter parameter still exerted some effect. The present study demonstrated that young animals in proestrus (i.e., high estrogen) have higher levels of NR1 and a trend toward higher NR2B mRNA levels than animals in diestrus I (i.e., low estrogen). Correlations between higher NR1 levels and higher circulating estrogen levels in young animals are consistent with previous data (11, 50) . Moreover, an increase in the NR2B mRNA levels in young animals in proestrus (i.e., high estrogen) would be consistent with the study by Weiland (50) , which demonstrated that estrogen selectively increased NMDA agonist binding. This would suggest that NR2B is upregulated since this subunit selectively binds NMDA agonists (16) . In addition, young animals show enhanced long-term potentiation in proestrus (48) , and this may be due to higher levels of NR1 and NR2B in the hippocampus. Our finding that there is no relationship between NR1 mRNA levels and estrogen status in the dorsal hippocampus of young rats is similar to that of Gazzaley et al. (11) . They reported that estrogen increases NR1 immunofluorescence levels (i.e., protein levels) in the dendrites of CA1 in young female rats, independent of changes in NR1 mRNA levels measured by in situ hybridization. In that paper, the authors confined their analysis to the dorsal hippocampus, and in the present study we also found no relationship between reproductive status and NR1 mRNA levels in the dorsal hip- pocampus of young rats. Furthermore, a relationship between NR1 mRNA levels and reproductive status was seen in the ventral hippocampus of young rats. This is consistent with the observation made by Weiland et al. (51) demonstrating a higher proportion of estrogen receptors located in the ventral than in the dorsal hippocampus. Thus, it is predicted that the ventral hippocampus may be more sensitive to changes in estrogen than the dorsal hippocampus, as was seen in the present study. Although we predict that the ventral hippocampus may be more sensitive to estrogen, it should also be noted that another study (5) demonstrated that estrogen facilitates dorsal and not ventral hippocampal seizures. This suggests that in some paradigms the dorsal hippocampus is at least as sensitive to estrogen as the ventral hippocampus. The present study demonstrated that middle-aged animals that had higher levels of circulating estrogen levels, i.e., proestrus, had higher NR1 mRNA levels in ventral hippocampus than middle-aged animals with lower circulating estrogen levels, i.e., diestrus I. This latter finding is similar to that seen in young rats. However, this relationship did not hold true for NR2B mRNA levels in the ventral hippocampus of middleaged rats, unlike the young animals. Thus, NR1 mRNA levels might be influenced by estrogen in both young and middle-aged animals, whereas NR2B mRNA levels may be influenced by estrogen in only the young animals. This suggests a differential age-related sensitivity to effects of estrogen.
It is important to consider that, during reproductive aging, rats have increasing levels of circulating estrogen, as was seen in the present results and in previous studies (22, 34, 42) . In the aged animals higher circulating estrogen levels may play a role to increase NR1 and NR2B levels in the ventral hippocampus, which has higher levels of estrogen receptors, and this may help the aged brain to maintain synaptic plasticity. This would be consistent with a recent study (45) performed in mice that overexpress the NR2B subunit in the forebrain, demonstrating that these animals have enhanced synaptic potentiation.
Whereas in young animals the relationships between NMDA receptor subunit mRNA levels and cycling status could be attributable in part to estrogen, this does not appear to be the case in aged animals. Aged rats in persistent estrus and persistent diestrus have equivalent levels of circulating estrogen, yet differences in NR subunit mRNA levels between these groups were seen in the ventral hippocampus. These differences may be completely independent of ovarian factors. Alternatively, the ovary produces nonsteroid factors that are subject to age-related changes (18) . Studies are underway in ovariectomized young, middle-aged, and aged animals to investigate the specific role of estrogen in hippocampal NMDA receptor mRNA levels.
Taken together, our results demonstrated that the NMDA receptor subunit mRNA levels vary by hippocampal region, age, and reproductive status. Differences between young and aged rats indicate that studies of reproductive senescence need to be performed in aged animals and cannot be limited to models of ovariectomy and estrogen replacement in young rats. This is further supported by studies of dendritic spine changes in the hippocampus. In young animals, estrogen upregulates dendritic spine density only in the CA1 region (15, 54, 55, 57) , and this response is attenuated in aged animals with a similar hormonal manipulation (1). In contrast, dendritic spine density is increased by estrogen on the granule cells of the dentate gyrus of aged rats (25) . That study, along with our present results, suggests that the aged brain responds differently to estrogen, and whereas reproductive status is related to NMDA receptor abundance in a region-and subunit-specific manner in young animals, this is not the case in aged animals.
FIG. 3.
NMDA receptor subunit: NR1, NR2A, and NR2B mRNA levels in the dorsal hippocampus for young, middle-aged, and aged rats. All values are normalized to cyclophilin mRNA levels and expressed as femtograms of the subunit/picograms of cyclophilin (Cyc). Young and middle-aged animals that are cycling are classified either in proestrus (P) or in diestrus I (D1). Middle-aged and aged animals that are acyclic are classified either in persistent estrus (PE) or in persistent diestrus (PD).
